Abstract. Adiponectin levels are associated with anti-Mülle-rian hormone (AMH) and kisspeptin levels in non-ovarian tissues. The objective of the present study was to investigate the association between adiponectin and the genes important for ovarian follicular development and ovarian reserve, specifically AMH and kisspeptin, and their corresponding receptors. In the first experiment, the mRNA levels of anti-Müllerian hormone (amh) and its receptor (Amhr2), as well as those of kisspeptin (Kiss1) and its receptor (Kiss1r), were quantified by reverse transcription-polymerase chain reaction analysis in the ovaries of two groups of mice [adiponectin-knockout (KO) vs. control] that underwent oophorectomy. The second experiment measured follicular phase serum AMH and follicular fluid adiponectin levels in 25 women who underwent controlled ovarian hyperstimulation for in vitro fertilization. Compared with the control mice, adiponectin-KO mice had 6.5 times lower Kiss1 mRNA levels (P= 0.009) and a tendency for lower ovarian Kiss1r mRNA expression levels (P= 0.06). However, adiponectin-KO mice had significantly higher Amhr2 mRNA levels (P=0.01). In all women participants, there was a positive correlation between serum AMH and follicular fluid adiponectin concentrations (r=0.54, P=0.006). The findings of the present study indicate that adiponectin may play a role in ovarian physiology through its impact on genes crucial for ovarian follicular development and ovarian reserve, such as kisspeptin and AMH. Understanding the role of adiponectin in ovarian function may improve our knowledge of the pathophysiology underlying ovulatory dysfunction in obese women, who usually have low adiponectin levels, and overcome reproductive barriers.
Introduction
According to recent data, ~40% of the U.S. population over the age of 20 years, and 18% of children aged 2-19 years, are obese (1) . In addition to metabolic disorders, obesity is also associated with reproductive complications, such as menstrual irregularities, subfertility, endometrial hyperplasia and gynecological cancers (2) (3) (4) . The adipose tissue is an endocrine organ that produces active protein hormones, referred to as adipokines, which are involved in the regulation of energy metabolism, appetite, insulin sensitivity, inflammation, diabetes and metabolic syndrome (5) (6) (7) (8) (9) . One of the most extensively studied biologically relevant adipokines is adiponectin, which is abundantly produced and secreted by adipose tissue. Furthermore, it has a low expression in obese individuals. Antidiabetic, anti-inflammatory, antiatherogenic and cardioprotective properties of adiponectin are widely known (5) (6) (7) (8) (9) (10) (11) .
Adiponectin is a 30-kDa glycoprotein hormone produced by mature adipocytes (12) . Its mechanism of action occurs mainly in the periphery through binding to two receptors, AdipoR1 and AdipoR2 (12) . These receptors are found in reproductive tissues, such as the ovaries, oviduct, endometrium and testis (12) . Furthermore, adiponectin modulates gonadotropin release, normal pregnancy, and affects assisted reproduction outcomes (13) . Higher adiponectin levels are associated with improved menstrual regularities and better in vitro fertilization (IVF) outcomes (13) . In the ovaries, adiponectin plays a key role in oocyte maturation, granulosa cell proliferation and steroid secretion (11, (14) (15) (16) . In animal studies, adiponectin knockout (KO) mice have fewer oocytes, more atretic follicles and prolonged diestrus cycles, indicating that adiponectin plays an important role in folliculogenesis (17) . In a retrospective case-controlled study, adiponectin levels were found to be higher among women who conceived after IVF, and were positively correlated with the number of oocytes retrieved, regardless of the woman's body mass index (BMI) (18) . Similarly, while adiponectin expression is low in human and mouse granulosa cells, its presence is associated with better fertilization rates and better embryonic development (19, 20) .
Adiponectin is associated with two important genes involved in folliculogenesis: Anti-Müllerian hormone (AMH) and kisspeptin. Interestingly, adiponectin is a regulator of AMH production, possibly via its effects on insulin sensitivity (21) . In addition to having low serum and follicular fluid adiponectin levels, obese women also have low AMH levels, which is one of the most reliable markers of ovarian reserve (22) . In a previous study, obese women in their late reproductive years were found to have ~65% lower serum AMH levels compared with normoweight women of the same age (23, 24) . Through its effects on downstream targets, such as AMP-activated protein kinase (AMPK), adiponectin can mediate the phosphorylation of the transcription factor specificity protein-1 (SP1), which is a regulator of the kisspeptin gene (25) . In addition to its regulation of female reproduction at the level of the hypothalamus (26, 27) , the neuropeptide kisspeptin is expressed in the rat ovary, suggesting a role for kisspeptin in ovarian function (28, 29) . Obese individuals were found to have lower serum kisspeptin levels compared with normoweight individuals (30) . Furthermore, serum kisspeptin levels were found to be negatively correlated with body mass index (BMI) (30) , but positively correlated with serum adiponectin (30) .
Given this association of adiponectin with AMH and kisspeptin in non-ovarian tissues, the aim of the present study was to assess whether there is any such association in the ovaries.
Materials and methods
Experimental animals. All protocols were conducted in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals and were approved by the Institutional Animal Care and Use Committee of the University of Vermont College of Medicine. Adiponectin-KO mice, B6.129-Adipoq tm1Chan /J, were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). A targeting vector was designed to replace exon 2 of the targeted gene with a PGKneo cassette. This construct was electroporated into (129X1/SvJ x 129S1/Sv) F1-derived R1 embryonic stem (ES) cells. Correctly targeted ES cells were injected into blastocysts and chimeric mice were bred with C57BL/6J to generate mutant mice. Mutant mice were backcrossed to C57BL/6J for at least eight generations. The mice were bred with C57BL/6J inbred mice for at least one generation to establish the colony. A 32 single-nucleotide polymorphism (SNP) panel analysis, with 27 markers covering all 19 chromosomes and the X chromosome, as well as 5 markers that distinguish between the C57BL/6J and C57BL/6N substrains, was performed on the re-derived living colony. This analysis revealed two markers on chromosome 15 and one marker on chromosome 19 that are segregating for 129, suggesting an incomplete backcross. Homozygous mice are viable and fertile, with absence of targeted allele expression confirmed in adipose tissue (mRNA) and plasma (adiponectin protein). While homozygous mice have normal glucose tolerance and insulin resistance, beta-oxidation activity is significantly increased in the muscle and liver. Homozygotes also exhibit endothelial dysfunction (increased leukocyte rolling and leukocyte adhesion), and are more susceptible to myocardial ischemia/reperfusion. According to The Jackson Laboratory, these mice may be useful for studying obesity, diabetes, insulin resistance, metabolism, inflammation, leukocyte-endothelium interactions and colitis.
Adiponectin-KO mice (5 months old; n=6) and C57BL/6J wild-type control female mice (5 months old; n=6), were also obtained from The Jackson Laboratory, were housed five to a cage and bred in-house under specific pathogen-free conditions and normal light/dark cycles (14 h light and 10 h dark cycle), with ad libitum access to standard mouse chow (ProLab ® Isopro ® ; chemical composition: 5% fat, 22% protein, 59% carbohydrate, 3.46 kcal/g; PMI Nutrition International, Brentwood, MO, USA) and water. All the mice were sacrificed at 5 months of age by cervical dislocation. At the time of sacrifice, oophorectomy was performed and the ovaries were snap-frozen in liquid nitrogen and stored at -80˚C to be used for gene expression analysis.
RNA extraction from mouse ovaries and reverse transcriptionquantitative polymerase chain reaction (RT-PCR) analysis.
RT-PCR analysis was performed to quantify the mRNA levels of specific genes that are known to be important in folliculogenesis and their receptors: amh and its receptor (Amhr2), as well as kisspeptin (Kiss1) and its receptor (Kiss1r). RNA extraction and RT-qPCR were performed on mouse ovaries that were lysed and homogenized using a homogenizer. RNA was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) and chloroform extraction using RNeasy mini kit (Qiagen Sciences, Inc., Germantown, MD, USA) according to the manufacturer's instructions. RNA analysis quality was assessed by a Nanodrop spectrophotometer and Agilent Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). Only samples with a minimum concentration of 10 ng/µl, optical density 260:280, and ratio of 1.8-2.0 were used for quantification. The RNA quality was additionally confirmed using RNA electrophoresis. The mRNA expression levels were measured by RT-PCR kinetics using SYBR Green I Chemistry (Roche Diagnostics, Indianapolis, IN, USA), as described elsewhere (31) . The primers used were synthesized by Thermo Fisher Scientific (Pittsburgh, PA, USA; Table I ). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers were used as a loading control and the levels of mRNA for each gene relative to GAPDH were calculated using the 2 -ΔΔCq method (32) . ) . For each woman, follicular phase serum AMH was determined by ELISA according to the manufacturer's recommendations; the intra-and inter-assay coefficients of variation were <15%. Following controlled ovarian hyperstimulation and at the time of oocyte retrieval, follicular fluid was collected for the measurement of adiponectin levels from the first aspirate of the large follicle (>14 mm) to prevent any blood contamination. Adiponectin protein levels were measured by human ELISA kits according to the manufacturer's protocol (Quantakine kit; R&D Systems, Inc., Minneapolis, MN, USA); the intra-and inter-assay coefficients of variation were <15%. Each participant reviewed and signed an informed consent document. The study was approved by the Institutional Review Board of Albert Einstein College of Medicine of Yeshiva University and Montefiore Medical Center (approval no. 04-08-199E).
Statistical analysis. Data are expressed as mean ± standard error of the mean (SEM). The RT-PCR results are expressed as relative number of copies ± SEM. As the data were not normally distributed, the Mann-Whitney U test was used for comparison of genes between wild-type mice and adiponectin-KO mice. Spearman's correlation analysis was used to evaluate the association between serum AMH and follicular fluid adiponectin levels among the participants. All statistical procedures were run on STATA software (StataCorp LP, College Station, TX, USA) and GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA). A P-value ≤0.05 was considered to indicate statistically significant differences.
Results

Effect of adiponectin knockout on Kiss1, Kiss1r, amh and
Amhr2 mRNA in mouse ovaries. Adiponectin-KO mice (n=6) on normal chow diet had similar weights compared with wild-type control mice (n=6) on normal chow diet (P>0.05). Compared with control mice, adiponectin-KO mice had 6.5 times lower ovarian Kiss1 mRNA levels (P=0.009) and the tendency for lower ovarian Kiss1r mRNA expression levels (P=0.06; Fig. 1 ). By contrast, adiponectin-KO mice had significantly higher Amhr2 mRNA expression levels (P=0.01) compared with control mice (Fig. 1) . Both adiponectin-KO and control mice had similar amh mRNA expression levels (P=0.1).
Correlation between follicular fluid adiponectin and serum AMH. The demographics and IVF cycle characteristics of the study participants are summarized in Table II . The age of the participants ranged from 19 to 42 years. In all participants, the mean serum AMH level was 1.2±0.3 ng/ml and the mean follicular fluid adiponectin level was 2,256±197 ng/ml. There was a positive correlation between serum AMH levels and follicular fluid adiponectin concentration (r= 0.54, P= 0.006; Fig. 2 ). BMI was negatively correlated with follicular fluid adiponectin levels (r=-0.4, P=0.04, Table II) .
Discussion
To the best of our knowledge, this descriptive study was the first to evaluate the effect of adiponectin gene knockout on Kiss1, Kiss1r, amh and Amhr2 genes in mouse ovaries. It also assessed the association between serum AMH levels and follicular fluid adiponectin levels in women who underwent IVF. First, the results indicated that adiponectin-KO mice had significantly lower Kiss1 mRNA, but higher Amhr2 mRNA expression levels. Adiponectin-KO mice also exhibited a tendency to have lower ovarian Kiss1r mRNA expression levels and similar amh mRNA levels. The clinical part of this study revealed a positive correlation between serum AMH and follicular fluid adiponectin levels. Furthermore, BMI was found to be negatively correlated with follicular fluid adiponectin levels. The association between adiponectin and AMH in the serum was previously investigated (33) . Nelson et al (33) demonstrated that serum AMH levels in the first trimester of pregnancy were negatively correlated with maternal adiposity, and that AMH levels decline in the 2nd and 3rd trimester of pregnancy as maternal adiposity increases; they also observed that adiponectin was positively correlated with serum AMH (33). Park et al explored the association of insulin resistance and adipokines with AMH levels in women without PCOS (34) . Their findings revealed a negative correlation between insulin resistance and AMH levels (34) . Furthermore, they also found a positive correlation between serum AMH and adiponectin levels (34) . Although their study focused on serum adiponectin levels, their findings are consistent with those of our study, indicating that follicular fluid adiponectin levels are positively correlated with serum AMH levels. In our assessment, adiponectin-KO mice were found to have higher Amhr2 mRNA expression levels compared with control mice, but similar amh mRNA expression levels. This may be due to adiponectin deficiency-mediated upregulation of Amhr2 that could affect the sensitivity to the action of the AMH protein in the ovary. It is well known that adiponectin is abundantly produced and secreted by adipose tissue, and that its expression and serum levels are lower in obese women (12) . In a previous study, obese women in their late reproductive years were found to have ~65% lower serum AMH levels compared with normoweight women of the same age (23) . Thus, a possible explanation for the negative association of AMH and obesity may be adiponectin.
The association between adiponectin and kisspeptin levels has been previously investigated (35, 36) . Two hormones secreted by adipocytes, leptin and adiponectin, mediate food intake, energy hemostasis and insulin sensitivity (35) . Their action involves regulation of gonadotropin-releasing hormone secretion from the hypothalamus, and this is mediated by kisspeptin (35) . Specifically, these two hormones modulate Kiss1 gene expression in GT1-7 neurons in the hypothalamus (25) . Furthermore, while leptin decreases insulin sensitivity, adiponectin increases insulin sensitivity (36) . In addition to its modulatory effects on the hypothalamus, adiponectin was found to inhibit the transcription of Kiss1 and Kiss1r in islet cells of the pancreas (35) . These findings indicate that certain related metabolic disorders, such as obesity and diabetes mellitus, are involved in the regulation of kisspeptin through hormones such as adiponectin. Obese individuals were found to have lower serum kisspeptin levels compared with normoweight individuals (30) . Furthermore, there is an inverse association between serum kisspeptin levels and BMI, but a positive correlation between kisspeptin and serum adiponectin levels (30) . This correlation was further supported by Zhou et al (37) , who demonstrated that high-fat diet-induced obesity caused a marked suppression of ovarian Kiss1 mRNA levels in mice at postnatal days 42 and 70 compared with normoweight mice on normal chow diet. The association between adiponectin and kisspeptin may be better understood at the biochemical level: Wen et al (25) reported that, through its effects on downstream targets such as AMPK, adiponectin can mediate the phosphorylation of the transcription factor SP1, which is a regulator of the kisspeptin gene. Our study further confirmed this association between adiponectin and kisspeptin, as it was demonstrated that adiponectin-KO mice Spearman's correlation analysis was performed. SEM, standard error of the mean.
had significantly lower Kiss1 mRNA levels compared with control mice (Fig. 1) . This is opposite to the findings reported by Latif et al (38) , who concluded that there was no significant association between kisspeptin and adiponectin in any of the menstrual phases, despite the proven presence of kisspeptin receptors on adipocytes. That study had several limitations, including a small sample size, making it difficult to draw a definitive conclusion (38) . Furthermore, due to the minimal fluctuations of kisspeptin during the menstrual cycle, the levels of kisspeptin during this time period may not correlate to the secretion of adiponectin and, thus, may not provide an accurate assessment of the association between kisspeptin and adiponectin (38) . Our findings have potential implications in reproduction and may help us to better understand and overcome barriers to reproductive success. Kisspeptin has been shown to affect ovarian follicular development and ovarian reserve. We have demonstrated that older mice had significantly higher Kiss1 and Kiss1r levels in their ovaries compared with younger mice (39) . The sensitivity of kisspeptin may be altered by age-related upregulation of Kiss1r (39) . Therefore, a better understanding of the kisspeptinergic system and its mediators, such as adiponectin, may reveal new treatment strategies to overcome reproductive barriers, particularly in obese women, who usually have low levels of adiponectin. This study had several limitations. When quantifying mRNA expression levels, we used the whole mouse ovary, which includes a number of different components, such as granulosa, theca and stromal cells (39) . Previous studies have demonstrated that theca and stromal cells are the major sites of Kiss1 expression, but another study reported that the granulosa cells are the main site of Kiss1 expression (37) . Therefore, future studies should focus on identifying the specific type of cell where the hormone being studied is mainly expressed. Another limitation of this study is that we did not measure serum AMH, a measure of ovarian reserve, in our adiponectin-KO animal model. In this experiment, mRNA expression was used as a determinant of gene expression, but mRNA may not necessarily translate into protein; thus, future mechanistic studies should involve western blotting and immunofluorescence experiments. In the present study, human participants who underwent controlled ovarian hyperstimulation with gonadotropins for IVF treatment were exposed to a combination of hormones that may affect adiponectin levels. Future studies should evaluate ovarian histology and follicular dynamics (e.g., number of primordial follicles) in adiponectin-KO mice, whereas in humans, they should focus on controlling for the number and type(s) of gonadotropins used per cycle for controlled ovarian hyperstimulation. Furthermore, AMH levels were measured in the serum in order to determine a baseline ovarian reserve measure, while adiponectin levels were measured in the follicular fluid in order to assess its ovarian levels.
In conclusion, the present study suggests that adiponectin may play a key role in ovarian physiology through its impact on genes important for ovarian follicular development and ovarian reserve, such as kisspeptin and AMH. Our results support the presence of a possible common denominator and modulator, such as adiponectin, for genes important for reproduction. Further elucidating this association and the underlying biochemical pathways that affect its expression may lead to targeted and specific therapies to improve ovarian health, particularly in obese women who have low systemic adiponectin levels.
